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We provide numerical evidence that a px − ipy paired Bonderson-Slingerland (BS) non-Abelian
hierarchy state is a strong candidate for the observed ν = 12/5 quantum Hall plateau. We confirm
the existence of a gapped incompressible ν = 12/5 quantum Hall state with shift S = 2 on the
sphere, matching that of the BS state. The exact ground state of the Coulomb interaction at S = 2
is shown to have large overlap with the BS trial wave function. Larger overlaps are obtained with
BS-type wave functions that are hierarchical descendants of general px− ipy weakly-paired states at
ν = 5/2. We perform a finite size scaling analysis of the ground state energies for ν = 12/5 states at
shifts corresponding to the BS (S = 2) and 3-clustered Read-Rezayi (S = −2) universality classes.
This analysis reveals very tight competition between these two non-Abelian topological orders.
PACS numbers: 73.43.-f, 71.10.Pm, 05.30.Pr, 03.65.Vf
Fractional quantum Hall (FQH) physics in the lowest
Landau level (LLL) is well understood in terms of the
Laughlin states [1] and the Haldane-Halperin (HH) hier-
archy states [2, 3], which can equivalently be described
using Jain’s composite fermion (CF) approach [4, 5].
The first appearance [6, 7] of an even-denominator FQH
plateau at ν = 5/2 made it clear that the physics of the
second Landau level (2LL) could be even more interest-
ing. Numerical studies [8–12] support the non-Abelian
px − ipy paired Moore-Read (MR) state [13] (and its
particle-hole conjugate, MR) as the correct description
of the ν = 5/2 FQH state. At first, it seemed that this
exceptional filling fraction was just an anomaly that ap-
peared amongst other “standard” odd-denominator FQH
states at ν = 7/3, 8/3, and 14/5. Later, a well-developed
FQH state at ν = 12/5 also emerged [14–16], and it was
numerically shown that, in addition to the Abelian HH
state, the particle-hole conjugate of the non-Abelian 3-
clustered Read-Rezayi (RR) state [17, 18] is also a viable
candidate for ν = 12/5.
Recently, a non-Abelian hierarchy of states constructed
over the ν = 5/2 MR state was proposed [19] as can-
didates for all observed 2LL FQH plateaus, as well as
filling fractions with features of potentially developing
FQH states, such as ν = 19/8 [14–16]. These Bonderson-
Slingerland (BS) states exhibit the same px− ipy pairing
and non-Abelian nature as the parent MR state. This in-
dicates that the pairing physics of the ν = 5/2 “anomaly”
could in fact also characterize other 2LL states, via the
hierarchy/CF physics seen in the LLL.
Non-Abelian FQH states represent entirely new phases
of matter and could potentially be used for topologically-
protected quantum computation (TQC) [20, 21]. The 3-
clustered RR state would be ideal for TQC as it can
provide computationally universal gates from braiding
alone, whereas the px − ipy paired states (e.g. MR and
BS) cannot, requiring at least one supplementary unpro-
tected gate. Hence, the BS and RR ν = 12/5 states have
vastly different levels of utility for quantum computation.
(The Abelian HH state is essentially useless for TQC).
In this Letter, we provide numerical evidence establish-
ing a BS state as a competitive candidate at ν = 12/5.
To study its validity and compare it with the HH and
RR candidates, we use a combination of powerful nu-
merical techniques on the sphere: exact diagonalization,
variational Monte Carlo, and the density matrix renor-
malization group method of [11] (see also [22]).
The BS state that we study as a candidate for ν = 12/5
can also be described using a CF type formulation [19],
with ground-state trial wave function [35]
Ψ
(BS)
2
5
=PLLL
{
Pf
[
1
zi − zj
]
χ31χ−2
}
=Ψ
(MR)
1 Ψ
(CF)
2
3
(1)
where PLLL is the projection onto the LLL, χn is the
wave function of n filled Landau levels (n < 0 corre-
sponding to negative flux), Ψ
(MR)
1 is the bosonic ν = 1
MR ground-state wave function [13], and Ψ
(CF)
2
3
is the
ν = 2/3 CF ground-state wave function [4]. This BS state
has shift S = 2 on the sphere, where Nφ = ν
−1Ne − S is
the relation between the number of flux quanta Nφ and
the number of electrons Ne. The HH and RR states at
ν = 12/5, respectively, have S = 4 and −2 on the sphere.
An important signature of a FQH state with ground-
state at Nφ is the existence of a charge excitation gap
∆ (Nφ) = ENφ+1 + ENφ−1 − 2ENφ , (2)
where EN is the ground-state energy of the system with
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FIG. 1: Excitation gaps (in units of e2/ℓ0, where ℓ0 =√
~c/eB is the magnetic length) for systems of Ne = 14 elec-
trons. a) Charge gaps ∆ as a function of magnetic flux Nφ.
Values corresponding to candidate states are labeled. b) and
c) Charge gaps ∆ and neutral gaps ∆n under variation of
the pseudopotential V1 around the Coulomb point at fluxes
corresponding to ν = 12/5 at shifts S = 4, 2, and −2.
N fluxes. ∆/n is the energy to create a quasihole-
quasielectron pair, where n fundamental quasiholes are
produced per flux. (n = 2 for the HH, BS, and RR states
at ν = 12/5.) The existence of charge gaps may help to
identify the shifts of competitive candidate states.
In Fig. 1a), we show a scan of the charge gap as a
function of Nφ, for Ne = 14 at the Coulomb point. We
can identify different states according to their shifts and
label the ν = 5/2 MR state, the ν = 12/5 HH, BS, and
RR states, and the ν = 7/3 Laughlin (L7/3) state. We
find gaps for ν = 12/5 states at S = 2 and S = −2,
but not at S = 4. A similar scan for Ne = 10 and 12,
which was also performed in [23], reveals a charge gap
for a ν = 12/5 state with S = 2. Possible charge gaps for
ν = 12/5 states with S = 4 and S = −2 are obscured at
these smaller system sizes by aliasing with the MR and
L7/3 states, respectively [36].
In Fig. 1b), we show the behavior of the charge gap as
a function of the pseudopotential V1 varied around the
Coulomb point (δV1 = 0), for Ne = 14. This exhibits the
generally observed behavior where increasing V1 destroys
the non-Abelian clustered states (BS and RR) and sta-
bilizes the Abelian state (HH). We note that the S = 2
and −2 states both show a strong charge gap in the same
range of δV1, including the Coulomb point.
In Fig. 1c), we show the neutral gap ∆n, i.e. the gap
above the ground state at a given Nφ, as a function of
the pseudopotential V1 varied around the Coulomb point,
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FIG. 2: Squared overlaps for Ne = 8, 10, 12, and 14 be-
tween the exact diagonalization ground-state and: a) the BS
ground-state wave function of Eq. (1), and b) the BS ground-
state with optimized pair-wave function of Eq. (3). Error
bars represent the statistical uncertainty of the Monte-Carlo
sampling of the overlap integral. Inset: The pair correlation
function for the ν = 12/5 state with S = 2 at the Coulomb
point for Ne = 12, 14, and 16.
for Ne = 14. The behavior is very similar to that of
the charge gaps, but the neutral gaps remain open closer
to the transition (around δV1 = 0.025) from the region
where the S = 2 and −2 states are stabilized and where
the S = 4 state is stabilized.
To further investigate the characteristics of the ν =
12/5 state with S = 2, we calculate the pair correlation
function g (r) obtained from exact diagonalization. The
results at the Coulomb point are displayed in the inset
to Fig. 2 and show strongly damped long-distance os-
cillations indicative of an incompressible state. We also
see a slight “shoulder” at small r, which becomes more
pronounced as δV1 decreases. Such shoulders are present
for the MR and RR states [17, 24], and are considered a
characteristic of non-Abelian clustered states.
To provide direct evidence that the incompressible
states we find at S = 2 (for small system sizes) are in
the BS state’s universality class, we compute the over-
lap of the trial wave function of Eq. (1) with the ex-
act ground-state wave function obtained at S = 2 on
the sphere. As shown in Fig. 2a), these overlaps reach
as high as 0.989(2) for Ne = 8 and remain as large as
0.83(2) at δV1 = 0 for Ne = 14, the largest system con-
sidered, where there are 11, 463 states in the L2 = 0
subspace. Again, we manipulated the first pseudopoten-
tial coefficient V1 around the Coulomb potential of a thin
2DEG in 2LL to obtain a simple parametrization of the
relevant interactions. The largest values of the overlap
are obtained at slightly positive values of δV1 ≃ 0.01.
Our numerical evaluation of the overlap integrals were
undertaken by Monte-Carlo sampling in position space.
3The composite fermion part Ψ
(CF)
2
3
of the trial state in
Eq. (1) was generated as a Slater determinant of indi-
vidually projected CF orbitals [25] at negative effective
flux [26]. The rate-limiting step is the evaluation of the
exact wave function, which requires calculating a number
of Slater determinants equal to the dimension DLz=0 of
the Lz = 0 subspace (DLz=0 ≃ 1.9× 10
7 for Ne = 14).
The MR state may be regarded as one representative
of an entire family of weakly paired CF states [10, 27].
This is also true for the BS states that are derived from
the MR state. Other representatives in either class of
paired states can be obtained explicitly by varying the
pair wave function [10]. In this approach, we introduce
a number of variational parameters gk and replace the
px − ipy pair wave function as follows:
Pf
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where φ˜k (zi) = J
−1
i PLLL[φk (zi)Ji] are the projected CF
orbitals, and Ji =
∏
k 6=i (zi − zk). On the sphere, the
expansion in Eq. (3) involves monopole harmonics (for
details, see [28], App. A) and the number of relevant
parameters gk is small (no more than five for the system
sizes considered) [10].
Fig. 2b) shows the overlaps between the exact ν =
12/5 ground-state at shift S = 2 and the BS states with
pair wave functions optimized to yield maximum overlap.
Comparing to the results in Fig. 2a), we find that the
overlap peaks increase significantly, become wider, and
shift to slightly higher δV1. The overlaps now reach as
high as 0.990(2) for Ne = 8 and climb to 0.92(3) for our
largest system (Ne = 14) at δV1 = 0.02.
In the region where the overlap with the BS state is
non-zero, the spectrum has non-zero neutral gap [see
Fig. 1c)] above a homogeneous L2 = 0 ground-state. The
overlap of the BS state decreases for large δV1, where the
HH state is stabilized. In some cases (i.e. Ne = 10
and 14) the overlap drops discontinuously to zero around
δV1 = 0.03, indicating level crossings in the ground-state.
This transition point slightly differs from that of the
charge excitation gap shown in Fig. 1b), which closes
near δV1 = 0.01. However, one may expect the S = 2
charge gap to close prematurely as δV1 approaches the
region where the S = 4 state is stabilized, because there
will be competition at S = 3 (which is used to evaluate
the charge gaps) between the excited states of the BS
and HH universality classes. Hence, this mismatch is a
finite-size effect that should disappear in large systems
where phase transitions are sharply defined.
The large overlaps between the gapped, incompress-
ible FQH state that we found at ν = 12/5 with S = 2
and the BS state’s trial wave functions provide strong
evidence of its universality class and establishes the BS
state as a good candidate for the observed ν = 12/5 FQH
state [14–16], joining the ranks of RR and potentially HH
as the primary contenders. Naturally, one would like to
pit these states against each other in order to predict a
favored candidate. However, directly comparing ground-
state energies or gaps at a given value of Ne small does
not provide a valid assessment, as finite-size effects are
significant. To be physically meaningful, energetics must
be analyzed in the thermodynamic limit Ne →∞.
For very large Ne, the energetically favored universal-
ity class of a given filling fraction always wins out. In
this case, changing Nφ results in the creation of quasi-
particles, but the states remain in the same universality
class. For the small values of Ne considered in numerical
studies, however, changing Nφ can have very significant
effects. Indeed, we have demonstrated that the ν = 12/5
states with S = 2 and −2 (a difference of 4 fluxes) repre-
sent different universality classes for small system sizes.
Thus, we can compare the competing ν = 12/5 FQH
states by extrapolating (from small Ne) the ground-state
energy per electron of the Coulomb Hamiltonian for shifts
S = 2 and −2 to the thermodynamic limit. (We do
not consider S = 4 here, since it does not have a good
FQH state at the Coulomb point.) To aid this finite
size scaling analysis, we use the rescaled magnetic length
ℓ′0 =
√
ν (Nφ − 2) /Neℓ0 (where the −2 accounts for be-
ing in the 2LL) and units of energy e2/ℓ′0, which are
meant to correct the effects of curvature in finite-sized
spherical systems and make the energy behavior linear
in 1/Ne [29]. Using a least-squares fit to linearly ex-
trapolate the rescaled ground-state energies per electron
from Ne = 8, . . . , 16 to the thermodynamic limit, we find
E/Ne = −0.3440(17) and −0.3434(5) for S = 2 and −2,
respectively. These are very close and within extrap-
olation errors of each other, so a clear favorite cannot
be identified. In principle, the thermodynamic extrapo-
lation of ground-state energies could have given signifi-
cantly different results for S = 2 and −2, so we interpret
this as an indication that the BS and RR states are in
close competition.
In view of this, it is likely that physical effects not yet
taken into account will play an important role in deter-
mining which state is actually favored and experimentally
realized. In a first attempt to include some of these ef-
fects, we have modeled the system for finite well width
d by using pseudopotentials for an infinite square well in
the spherical geometry. Results for the Ne →∞ extrap-
olation of the ν = 12/5 Coulomb ground-state energies
with S = 2 and −2 for well width d = 1, . . . , 3 (mea-
sured in units of ℓ′0) from system sizes Ne = 8, . . . , 16
are given in Table I. The S = 2 and S = −2 extrapo-
lated energies are always within extrapolation errors of
each other, again demonstrating the close competition of
the BS and RR states. Clearly, further numerical studies
including Landau level mixing, spin, and a treatment of
layer thickness that enlarges the Hilbert space with ver-
tically excited subbands are desirable, but beyond the
scope of this paper.
4d S = 2 S = −2
0 −0.3440(17) −0.3434(5)
1 −0.3100(14) −0.3096(5)
2 −0.2853(11) −0.2852(5)
3 −0.2657(9) −0.2659(5)
TABLE I: Extrapolated ground-state energies for Coulomb
interactions in finite wells of width d at ν = 12/5 for S = 2
and −2 (corresponding to the BS and RR states).
Another way to more directly compare different states
of the same filling fraction is to examine them on the
torus, where there is no shift. This was done in [18] for a
particle-hole symmetric system at ν = 13/5 for Ne = 15
and 18. The results exhibit ground-state degeneracy on
the torus that agrees with the HH state for most of the
parameter space, and best agrees with the RR state in a
small region near the Coulomb point. However, the gap
is not large in this region, and close inspection reveals
low lying states that may be identified as BS ground-
states [30]. This again indicates that the inclusion of
additional important physical effects may be significant
in determining which state is actually energetically fa-
vored. Furthermore, no scaling analysis was carried out
in [18], so its prediction for the thermodynamic limit is
unclear and a large Ne level crossing in favor of another
candidate is not ruled out.
It will be very interesting to see which state(s) ex-
periments support as correctly describing the ν = 12/5
and other 2LL FQH plateaus. Given the results of our
analysis, one may even speculate that more than one
of the proposed states could turn out to be experimen-
tally obtainable by realizing different physical regimes at
ν = 12/5. Experiments that measure the electric charge
of the fundamental quasihole will not distinguish between
HH, BS, and RR for ν = 12/5, since these all have charge
e/5 fundamental quasiholes. Experiments that probe
scaling behavior or thermal conductance may potentially
be able to distinguish between these states [31], but are
typically complicated by non-universal edge physics. In-
terference experiments, however, should be able to unam-
biguously distinguish between these possibilities [32, 33].
Such interference experiments have recently been imple-
mented for ν = 5/2 [34], providing evidence supporting a
non-Abelian state. Hopefully, experimental evidence on
the nature of ν = 12/5 will emerge soon.
We thank S. Das Sarma, C. Nayak, S. Simon, A. Wo´js,
and especially E. Rezayi for illuminating discussions. GM
is supported by Trinity Hall Cambridge and I2CAM un-
der NSF grant DMR-0844115. AF, GM, and JKS ac-
knowledge the support and hospitality of Microsoft Sta-
tion Q. JKS is supported by Science Foundation Ireland
PI award 08/IN.1/I1961.
[1] R. B. Laughlin, Phys. Rev. Lett. 50, 1395 (1983).
[2] F. D. M. Haldane, Phys. Rev. Lett. 51, 605 (1983).
[3] B. I. Halperin, Phys. Rev. Lett. 52, 1583 (1984).
[4] J. K. Jain, Phys. Rev. Lett. 63, 199 (1989).
[5] N. Read, Phys. Rev. Lett. 65, 1502 (1990).
[6] R. Willett, J. P. Eisenstein, H. L. Stormer, D. C. Tsui,
A. C. Gossard, and J. H. English, Phys. Rev. Lett. 59,
1776 (1987).
[7] W. Pan, J.-S. Xia, V. Shvarts, D. E. Adams, H. L.
Stormer, D. C. Tsui, L. N. Pfeiffer, K. W. Baldwin, and
K. W. West, Phys. Rev. Lett. 83, 3530 (1999), cond-
mat/9907356.
[8] R. H. Morf, Phys. Rev. Lett. 80, 1505 (1998), cond-
mat/9809024.
[9] E. H. Rezayi and F. D. M. Haldane, Phys. Rev. Lett. 84,
4685 (2000), cond-mat/9906137.
[10] G. Mo¨ller and S. H. Simon, Phys. Rev. B 77, 075319
(2008), arXiv:0708.2680.
[11] A. E. Feiguin, E. Rezayi, C. Nayak, and S. D. Sarma,
Phys. Rev. Lett. 100, 166803 (2008), arXiv:0706.4469.
[12] R. H. Storni, R. H. Morf, and S. Das Sarma, Phys. Rev.
Lett. 104, 076803 (2010), arXiv:0812.2691.
[13] G. Moore and N. Read, Nucl. Phys. B 360, 362 (1991).
[14] J. S. Xia, W. Pan, C. L. Vicente, E. D. Adams, N. S.
Sullivan, H. L. Stormer, D. C. Tsui, L. N. Pfeiffer, K. W.
Baldwin, and K. W. West, Phys. Rev. Lett. 93, 176809
(2004), cond-mat/0406724.
[15] W. Pan, J. S. Xia, H. L. Stormer, D. C. Tsui, C. Vicente,
E. D. Adams, N. S. Sullivan, L. N. Pfeiffer, K. W. Bald-
win, and K. W. West, Phys. Rev. B 77, 075307 (2008),
arXiv:0801.1318.
[16] A. Kumar, G. A. Csa´thy, M. J. Manfra, L. N. Pfeiffer,
and K. W. West, Phys. Rev. Lett. 105, 246808 (2010),
arXiv:1009.0237.
[17] N. Read and E. Rezayi, Phys. Rev. B 59, 8084 (1999),
cond-mat/9809384.
[18] E. H. Rezayi and N. Read, Phys. Rev. B 79, 075306
(2009), cond-mat/0608346.
[19] P. Bonderson and J. K. Slingerland, Phys. Rev. B 78,
125323 (2008), arXiv:0711.3204.
[20] A. Y. Kitaev, Annals Phys. 303, 2 (2003), quant-
ph/9707021.
[21] M. H. Freedman, M. J. Larsen, and Z. Wang, Commun.
Math. Phys. 227, 605 (2002), quant-ph/0001108.
[22] N. Shibata and D. Yoshioka, Phys. Rev. Lett. 86, 5755
(2001), cond-mat/0101401.
[23] A. Wo´js, Phys. Rev. B 80, 041104(R) (2009),
arXiv:0811.4072.
[24] N. Read and E. Rezayi, Phys. Rev. B 54, 16864 (1996),
cond-mat/9609079.
[25] J. K. Jain and R. K. Kamilla, Phys. Rev. B 55, R4895
(1997), cond-mat/9607147.
[26] G. Mo¨ller and S. H. Simon, Phys. Rev. B 72, 045344
(2005), cond-mat/0502514.
[27] N. Read and D. Green, Phys. Rev. B 61, 10267 (2000),
cond-mat/9906453.
[28] G. Mo¨ller, S. H. Simon, and E. H. Rezayi, Phys. Rev. B
79, 125106 (2009), arXiv:0811.4116.
[29] R. Morf, N. d’Ambrumenil, and B. I. Halperin, Phys.
Rev. B 34, 3037 (1986).
[30] E. Rezayi, private communication.
5[31] W. Bishara, G. A. Fiete, and C. Nayak, Phys. Rev. B
77, 241306 (2008), arXiv:0804.1960.
[32] P. Bonderson, K. Shtengel, and J. K. Slingerland, Phys.
Rev. Lett. 97, 016401 (2006), cond-mat/0601242.
[33] W. Bishara, P. Bonderson, C. Nayak, K. Shtengel, and
J. K. Slingerland, Phys. Rev. B 80, 155303 (2009),
arXiv:0903.3108.
[34] R. L. Willett, L. N. Pfeiffer, and K. W. West, Proc. Natl.
Acad. Sci. 106, 8853 (2009), arXiv:0807.0221.
[35] The last equality does not hold strictly since the LLL pro-
jection is applied in different ways, but the wave functions
written represent the same universality class.
[36] Systems on the sphere can exhibit “aliasing” competition
between states with different filling fractions that occupy
the same or adjacent values of Nφ for a given Ne.
